Abstract-The performance of a delay line discriminator dedicated to the characterization of high spectral purity lasers is investigated. The system noise floor is obtained using a symmetrical delay. The vibrations are one of the main problems with this approach at the low frequency offsets. However, the system is able to characterize commercially available narrow linewidth lasers, such as external cavity lasers and fiber lasers.
INTRODUCTION
The today availability of small size narrow linewidth lasers, such as semiconductor lasers optically coupled to high quality factor optical resonators (WGM resonators, fiber resonators…), is an opportunity to develop new embedded applications for which the laser phase noise level is mandatory. This is the case, as an example, of high precision interferometers and of microwave to terahertz signal generation using optics. Before being used in these systems, this type of laser has to be characterized in terms of phase or frequency noise. However, phase noise measurement in the optical domain is not as developed as it is for radio frequency (RF) sources, although some commercial systems are already available (ex : OEwaves). The reason is that it is much more difficult to design a high quality optical frequency synthesizer than a low phase noise RF synthesizer. Therefore, the easier way to measure this type of sources is still to set up the frequency discriminator technique.
In this approach, the laser signal is split in two paths, one path is delayed with a delay smaller than the coherence length of the laser (contrarily to linewidth measurement case) and the signals are combined on a photodiode [1] [2] [3] [4] . In the selfheterodyne case, an acousto-optic modulator is added in one of the paths in order to shift the signal frequency around a few tens of MHz. In this case, the noise is analyzed using an RF phase noise test bench at this frequency [3] [4] [5] , which prevents the detection of some parasitic contributions of low frequency noise, such as the laser 1/f amplitude noise (but also increase the system cost and complexity).
The main difficulty in this approach is to evaluate the measurement noise floor. In microwave frequency discriminators, it is measured using a bypass of the delay line. However, in the optical case, part of the noise may come from nonlinear effects in the fiber [6] , or from vibration sensitivity of the fiber spool [7, 8] or of the whole system, and the noise floor has to be measured with the fiber maintained in the system.
In this paper, measurements of two types of high spectral purity lasers using a self-heterodyne system are presented. Then, the noise floor of the system is evaluated using a set of two identical fiber spools. Finally, we focus on the choice of the delay and on the importance of the reduction of vibration sensitivity.
II. MEASUREMENT SYSTEM
The measurement system is depicted in Figures 1 and 3 . The laser signal is split in two paths. On one path, an acoustooptic modulator shifts the laser frequency of 80 MHz. On the other path, the signal is delayed using a fiber spool, and then recombined to the first path. A polarization controller is added after the fiber spool in order to improve the output signal level. The beat frequency is recovered using a photodiode, amplified and, finally, feeds an RF phase noise measurement bench (in our case, an Agilent E5052B). Using this approach, the measured RF phase noise at 80 MHz is proportional to the laser frequency noise, at least at offset frequencies close to the carrier [3, 4] . Far from the carrier, the output spectrum is attenuated with a classical sin x/x shape. This is clearly visible in Figure 2 , in which the phase noise of the 80 MHz output is depicted in case of an external cavity semiconductor laser (RIO Inc.) feeding the bench, and using a 2 km fiber spool in the bench. At 100 kHz, the measurement sensitivity locally drops down to zero because of the first zero of the sin x/x function.
Because of this response, we have limited our measurements on the 1 Hz -100 kHz offset range, and we have corrected the measured data using the reverse function of the sin x/x response of the bench and the time delay of the spools we are using. More precisely, the laser frequency noise can be computed from the measured 80 MHz RF phase noise [3] using equation 1.
were f m is the offset frequency, τ is the time delay between the two paths and L RF (f m ) is the measured single sideband phase noise, in dB c /Hz, of the RF signal.
Another important result of equation 1 is that it gives the proportionality coefficient between the RF phase noise and the laser close to carrier frequency noise, and that this coefficient is itself proportional to the delay τ. Thus, even if a large delay limits the measurement bandwidth because of the sin x/x effect, it enhances the measurement sensitivity and, as we will see, reduces the noise floor.
Equation 1 is used to compute the laser frequency noise data. However, when a noise floor is measured instead of a true laser frequency fluctuation, this noise floor is not affected by the sin x/x response, because it is either a noise superimposed on the system output, or the demodulation of the laser amplitude noise. Therefore, to convert the measured noise floor into frequency noise, we use a constant coefficient which is the limit of the above coefficient at low frequencies.
This frequency discriminator has been used to measure two different high spectral purity lasers: a semiconductor laser stabilized on an external resonator, available in a small butterfly package (RIO), and a laboratory high quality fiber laser (Koheras). Both lasers are used at a relatively low output power: 7 mW (60 mA) for the RIO laser and 16 mW for the Koheras laser. The power dependence of the spectral purity is relatively weak for this type of lasers, and such an output power is largely sufficient to drive our bench (however, a small improvement of about 2 to 3 dB is observed on the RIO laser phase noise when biased at 120 mA instead of 60 mA). Figure 4 depicts the result of the measurements performed on these two lasers, under these conditions. The measurement is performed in a Faraday's shielded room using the E5052 system and the frequency noise is computed using equation 1. In Figure 5 , the same measurements are plotted in terms of single sideband phase noise, which shows the difference in dB between these two lasers, and also give an idea of the laser spectral shape, taking into account that when the phase noise is sufficiently low compared to 0 dB, it represents the lateral noise wings of the spectrum (we do not want to compute the linewidth, because this parameter is too much dependent on the integration time and has, in our opinion, no rigourous meaning for this type of high spectral purity optical sources). In a preceding paper [4] , the phase noise of the Koheras laser had been a few dB overestimated in the 10 Hz-100 Hz range, because of a vibration noise sensitivity of the fiber spool we were using. Indeed, like in any type of noise measurement, it is essential to determine if the measured data are not too close from the measurement bench noise floor. The next paragraph is dedicated to the evaluation and the optimisation of this noise floor.
III. MEASUREMENT NOISE FLOOR
An obvious technique to measure a frequency discriminator noise floor is to cancel the delay τ by removing the fiber spool. In this case, the system sensitivity to the laser frequency noise is null, and only remains the other noise contributions. However, such an evaluation of the noise floor is quite optimistic. Indeed, it also cancels any noise contribution coming from the fiber spool. There are mainly three types of low frequency noise that can be generated in a fiber spool: noise related to optical nonlinear effects [6] , such as Stimulated Brillouin Scattering (SBS) ; diffusion noise on impurities, such as Rayleigh scattering noise ; noise due to a vibration sensitivity of the spool [7, 8] .
Therefore, in order to get a more precise evaluation of the noise floor, two identical fiber spools have been used to cancel the delay τ, one in each path of the interferometer. In this case, the above described effects can still be observed, and are included in the real noise floor.
The plastic rod spool used in our first experiments [4] has been replaced by a packaged spool (Fig. 3) . The fiber is free of constraint in this package, but it is however mechanically maintained thanks to the relative small size of the package and to an inside plastic protection. Two set of spools have been used, one of 1 km (τ = 5.1 μs) and one of 2 km (τ = 10.05 μs). Figure 6 depicts the results of the noise floor measurements in the 2 km fiber spool case, with the battery biased RIO laser feeding the bench (7 mW optical input power). A clear contribution of vibration noise is observed between 10 Hz and 2 kHz when the system is set up on a normal table (green curve). When the system is put on a low vibration table (but still inside the Faraday shielded room), most of the vibration contribution is reduced and the noise floor measured with the two spools technique (red curve) is close to the noise floor measured with the spool removed from the bench (two harms with short delay ; black curve). These observations allow us to clarify the importance of the vibration noise contribution to the noise floor, and to demonstrate the absence of non-linear optical noise contribution. Indeed, in both cases (Koheras or RIO lasers), we are feeding the fiber spool with optical power levels much below the SBS threshold, which is in the range of 30 mW for a 2 km fiber spool [9] .
The same experiments have been performed with the 1 km spools. On Figure 7 , it is clear that the vibration problem is still observed with the 1 km spool. Finally, with this configuration, the noise floor is increased of about 6 dB, which is directly related to the reduction of the delay τ of a factor 2, and thus of the same reduction in sensitivity.
Finally, the 2 km spool appears to be a good compromise between a good sensitivity, a high SBS threshold and a large offset frequency bandwidth, and this fiber length is selected for further experiments.
The last question is: what is limiting the noise floor when the fiber spool is removed. At high frequency offsets, it is clear that the signal to noise ratio may have an influence, and this signal to noise ratio is mainly determined by the laser RIN at the IF frequency (80 MHz). However, close to the carrier, we also found an influence of the oscillator which is driving the acousto-optic modulator. This oscillator features a -43.5 dBc/Hz phase noise level at 1 Hz, with a 30 dB/dec slope in this region. It determines the optical frequency discriminator noise floor between 1 Hz and 5 Hz offset, as shown in Figure 8 . However, between 5 Hz and 2 kHz, the noise floor seems still to be determined by vibration sensitivity. Finally, between 2 kHz and 100 kHz, the noise floor changes with the laser type and power, which means that it should be mostly related to the laser RIN. The next step is now to improve the experimental set up to overcome these limitations. The problem of the acousto-optic modulator driver is easy to solve: this source will be replaced by a high spectral purity oscillator (a high quality OCXO) followed by a high power amplifier, and this should lead to a 30 dB improvement of the 1 Hz phase noise (case of a vibration free experiment). However, the noise between 10 Hz and 2 kHz will be more difficult to improve: it is directly related to the interferometer sensitivity to vibrations. A new set up will be designed, featuring higher compactness, and on which mechanical isolation will be easier to provide.
IV. CONCLUSION
The measurement of two different high spectral purity lasers has been performed with a delay line frequency discriminator. The problem of the measurement noise floor has been carefully studied and it has been found that it is mainly limited by the mechanical vibration sensitivity of the fiber spool, and also of the whole interferometer set-up. The system sensitivity and dynamic range is however sufficient to investigate on the two examples of lasers presented in this paper. However, for ultra-high spectral purity lasers characterization, the set-up must still be improved.
